S
tudy of the molecular epidemiology of tuberculosis (TB) has enhanced our understanding of this ancient disease. Three main molecular genotyping methods, i.e., IS6110 restriction fragment length polymorphism (RFLP), spoligotyping, and variablenumber tandem repeat (VNTR) analysis, have been successfully applied to investigate TB outbreaks, detect recent transmission, identify expansion of successful bacterial clones, and distinguish between endogenous reactivation and exogenous reinfection (29) . Until now, several developed countries in Europe and North America have established databases with genotyping data from clinical isolates for tracking particular isolates of M. tuberculosis in local communities and detecting international transmission (9, 10, 41, 43) . Because of the many advantages of VNTR genotyping compared to IS6110 RFLP (41) , the newly proposed 15-and 24-locus VNTR genotyping schemes have been introduced to study the molecular epidemiology in homogenous M. tuberculosis populations, where TB is caused mainly by transmission of a large number of genetically closely related strains (5, 18, 23, 25, 35) . However, the ability of these methods to track transmission is limited in those settings, as many clustered strains are found to lack epidemiological links, which limits the identification of transmission chains (18, 23, 25, 35) . This lack of epidemiological links can be due to limitations during contact-tracing investigations (29) . On the other hand, the low discrimination power and the problem of homoplasy in molecular markers may lead to false classification of clustered strains which are distantly related and may involve historically remote (as opposed to ongoing) transmission chains (8, 18, 25, 35) .
China has one of the highest TB burdens in the world (48) . In most Chinese regions, TB is caused mainly by Beijing strains (17, 25, 28, 44, 49, 50) . The Beijing strains includes several divergent sublineages which can be defined based on large sequence polymorphisms (LSPs) or single nucleotide polymorphisms (SNPs) (14, 20, 42, 46) . However, the most frequent Beijing strains in China and elsewhere, with the exception of Japan and Korea, belong to a genetically homogenous population originally characterized by one or two IS6110 insertions in the noise transfer function (NTF) region of the Mycobacterium tuberculosis genome (4, 13, 19, 32) . These strains have been referred to as the "modern" (or typical) Beijing branch (34) , and Beijing strains without an IS6110 insertion in NTF region have been referred to as the "ancient" (or atypical) branch (34) . The modern Beijing branch comprises a large group of genetically closely related strains which show high similarity in terms of IS6110 RFLP and VNTR profiles (19, 25, 33, 34, 44) . As a consequence, the discriminatory power of the standard 15-and 24-locus VNTR genotyping schemes was repeatedly demonstrated to be low for epidemiology studies in settings dominated by modern Beijing strains (18, 25, 35) . Modern Beijing strains are also characterized by SNPs in the mutT2 and ogt genes, and their population structure has been further explored by using more recently evolved LSPs (RD142 and RD150) and SNPs (11, 31, 42) . However, the frequencies of these polymorphisms vary in different settings (13, 19, 24, 31) .
Compared to VNTRs, SNPs and LSPs have the advantage of assigning a particular strain to certain lineage unambiguously. However, SNP and LSP typing is less informative in molecular epidemiology studies because of low discriminatory power (5).
Here we combined SNPs and VNTRs to genotype Beijing strains in Shanghai. We showed that SNPs in modern Beijing strains can help to correct the clusters which were misclassified due to the limited discriminatory power and/or homoplasy of VNTRs. (41) . A further genotyping of three hypervariable VNTR loci (VNTR3820, VNTR3232, and VNTR4120) was performed for VNTR-15 defined clustered strains. Loci of VNTR-15 were amplified individually using the primers and conditions described previously (49) . The three hypervariable loci were amplified in 1ϫ GC buffer I (Takara Biotech Co. Ltd., Dalian, China) with an extension time of 1.5 min at 72°C. The sizes of amplicons were analyzed on 1.0 or 1.5% agarose gels for 1.5 to 2 h at 150 V with 50-bp ladder and 100-bp high-ladder size standards (CoWin Biotech Co. Ltd., Beijing, China). Hypervariable alleles from clustered strains were electrophoresed in lanes close together on the same gel to minimize the possibility of false-positive discriminations caused by potential errors of misscoring within each cluster. For each gel, the corresponding VNTR allele of H37Rv was used for quality control. For SNP genotyping, eight SNPs in 3R genes were previously found in Beijing strains from Shanghai (31) . Excluding the SNP in ogt codon 12, which is redundant with the SNP in mutT2 codon 58, the other seven SNPs were included for genotyping in this study. One extra SNP at position 2532616 (according to the genome of H37Rv) which was constantly found in modern Beijing strains was also included (13, 19, 24) . In total, eight SNPs (Table 1) were genotyped with a novel real-time PCR melting curve assay which was developed previously by us for detecting drug-resistant mutations (27) . According to previous studies, modern Beijing strains all carry a mutation in mutT2 codon 58 (19, 24) . Thus, we defined strains with mutant mutT2 as modern Beijing and strains with wild-type mutT2 as ancient in this study. The Hunter-Gaston index (HGI) and 95% confidence interval (CI) of theVNTR-15 was calculated as described previously (16, 21) and was used to evaluate the population diversity within each sublineage. BioNumerics 5.0 was used to construct minimal spanning trees (MSTs) for all Beijing strains and for strains of each sublineage based onVNTR-15 with the rules described previously (46) .
MATERIALS AND METHODS

RESULTS
Population structure analysis based on SNPs. The 191 M. tuberculosis Beijing strains were divided into 8 sublineages by genotyping of the 8 SNPs (Table 1) . Comparing these results with those of our previous study (31) , one additional sublineage was characterized based on the mutation in adhE2 codon 124 (position 2532616 in the H37Rv genome). This new sublineage was named Bmyc210, as the corresponding mutation was first identified in strain 210 (14) . Based on the mutation in mutT2 codon 58, sublineages Bmyc10, Bmyc13, and Bmyc210 were classified as being in the modern Beijing group and sublineages Bmyc2, Bmyc6, Bmyc4, Bmyc25, and Bmyc26 were classified as being in the ancient group (Table 1) . The three sublineages of the modern Beijing branch constituted the majority (64.4%; 123/191) of Beijing strains in our population, which is in agreement with our previous study (31) .
Cluster and diversity analysis based on VNTR-15. SNP genotyping has the advantage of classifying Beijing strains into phylogenetically robust sublineages but lacks the discriminatory power for epidemiological study and further diversity analysis. To study the potential transmission clusters and population diversity of these Beijing strains, VNTR-15 was applied to all 191 isolates. The VNTR genotyping divided the 191 Beijing strains into 110 unique types and 27 clusters, with a clustering rate of 28.3% and a discriminatory index of 0.990 (95% CI, 0.984 to 0.996). To further analyze the diversity within sublineages, we calculated the HGI for each sublineage separately (Table 1) . Except for sublineage Bmyc6, where the HGI was not applicable due to the small sample size, the other sublineages all showed high HGIs which indicate high diversity within each sublineage. Considering that high diversity results from long clonal expansion, this may indicate early times of divergence of these sublineages. Thus, strains from different sublineages, including the three modern sublineages, are more likely to be historically distantly related to each other.
Congruence between VNTR and SNP. According to previous studies, MSTs of VNTR-15 are phylogenetically informative for Beijing strains (45, 46) . To study the relationship of VNTR genotypes and SNP-defined sublineages in our population, we constructed the MST for all 191 Beijing strains based onVNTR-15. Sublineage information was mapped onto the network (Fig. 1) . The MST grouped 176 of the 191 Beijing strains to a single, albeit quite diverse, complex, with the remaining 15 isolates (13 genotypes) distributed to two small minor complexes or occupying unique positions. At a low resolution, the concordance between the MST and SNP classifications was quite good, as 120 of 121 strains from the left branch of the major complex belonged to the modern Beijing group and 54 of 55 strains from the right branch belonged to the ancient group (Fig. 1) . However, the concordance was found to be relatively low at a higher resolution. The MST consistently clustered strains from different sublineages and failed to classify strains of each sublineage to a specific MST branch. Furthermore, five VNTR-15-based clusters were found to contain strains from more than one sublineage (Fig. 1) . This high discordance between MST and SNP sublineages indicates a high level of homoplasy in VNTR-15 genotypes.
Composite tree based on SNP and VNTR. Because of the high rate of homoplasy, the population modeling of 191 Beijing strains based on VNTR-15 was less meaningful than previous studies had shown for ancient Beijing strains (45, 46) . In order to further study the evolution and diversity of each sublineage, we constructed a composite tree, in which the MST of each sublineage was combined with an SNP phylogeny drawn according to our previous study (31) . After exclusion of sublineages Bmyc4 and Bmyc6 due to small sample sizes, each MST of the other six sublineages was represented as a star-like network, which indicated the homogenous populations and more recent expansions in each sublineage. The populations of the five ancient sublineages might have been founded by distinct VNTR genotypes, and no VNTR genotype shared between them was found. In contrast, the three modern sublineages shared several VNTR genotypes, which also confirmed their close genetic relationships. The shared VNTR genotypes might be caused by the same founder genotype in different sublineages or by VNTR homoplasy. Sublineages Bmyc10 and Bmyc13 were more likely to originate from the same VNTR-15 genotype of cluster 1 (Fig. 2) . Thus, VNTR-15 failed to differentiate these historically distantly related strains and falsely classified them as a cluster (Fig. 1) . The potential parallel evolutions of this founder VNTR genotype might lead to another three genotypes shared between Bmyc10 and Bmyc13, which resulted in misclassified clusters 2, 4, and 5. The potential founder genotypes of Bmyc10 and Bmyc210 were different (VNTR genotypes of clusters 1 and 2). Thus, the genotype of cluster 3 shared between two sublineages might be the result of convergent evolution.
Genotyping of hypervariable VNTR loci. Previous studies have shown that hypervariable loci are helpful in differentiating epidemically unrelated strains (23, 34, 35) . In order to study the usefulness of these loci for further differentiation of strains of the 27 VNTR-15 based clusters, three hypervariable loci (VNTR3820, VNTR4120, and VNTR3232) were genotyped in these 81 isolates. Three strains showed two bands at locus VNTR4120 or VNTR3232 ( Fig. 3 ; see the supplemental material), which may indicate the coexistence of a clonal variant according to a previous study (23) . For the five clusters with mixed sublineages, most of the strains within each cluster showed distinct genotypes in the three hypervariable loci, and only 8 of these 30 strains (26.7%) were further grouped into four new clusters ( Fig. 3 ; see the supplemental material). Three of the four clusters contained only strains with a unique sublineage; however, the other one still contained two strains from different sublineages (Bmyc210 and Bmyc13). For the other 22 VNTR-15-defined clusters with consistent sublineages, the alleles of three hypervariable loci were much more conserved within clusters, and 74.5% (38/51) of these strains were further classified into 18 clusters (see the supplemental material).
DISCUSSION
The newly proposed 15-and 24-locus VNTR genotyping methods have been shown to be appropriate for studying the epidemiology of TB in developed countries with low TB incidences and where recent transmission of TB is largely prevented by efficient TB control programs (1, 3, 38, 41) . However, these tools were found to be less reliable for tracking transmission in countries with high TB burdens, especially in settings where the TB epidemic was dominated by Beijing family strains (18, 23, 25, 35) . Among the six main M. tuberculosis lineages, the Beijing family was thought be the most successful and has undergone a large population expansion in the few recent centuries (47) . The recent worldwide expansions of Beijing strains were caused mainly by the modern Beijing sublineage, which led to the homogenous M. tuberculosis populations in East Asia, Eurasia, and South Africa (19, 33, 44) . Two major inherent characteristics of VNTR-15 typing may lead to limitations for epidemiological studies in areas where M. tuberculosis populations are homogenous. First, the discriminatory power of VNTR-15 is relatively low in those populations. Although the concordance between VNTR genotyping and contact tracing data was higher than that with IS6110 RFLP typing in some settings (1, 38) , previous studies from Japan, South Africa, and China found that many 15-or 24-locus VNTR-defined clusters could be further differentiated by IS6110 RFLP typing (18, 23, 25) . In this study, we found that some historically distantly related strains from sublineages Bmyc10 and Bmyc13 were more likely to have kept their original founder VNTR-15 profile after their divergence, which highlights the limitations of the low discrimination power of VNTR-15 for epidemiology studies in such populations. The next limitation is the homoplasy of VNTRs. High levels of homoplasy at individual VNTR loci have been previously reported (8) . However, the combination of multiple VNTR loci can partially compensate for the homoplasy of an individual locus, as 15-and 24-locus VNTR profiles have been shown to be predictive of the M. tuberculosis lineages and ancient sublineages among the Beijing family (2, 5, 41, 45, 46) . In this study, the VNTR-15-based MST successfully differentiated the modern and ancient branches of the Beijing family. However, VNTR-15 failed to further differentiate Beijing strains at the sublineage level. The success of using 15-and 24-locus VNTR to predict genetically distantly related M. tuberculosis lineages could be explained by the distinct VNTR profiles of populations of different lineages. In this case, VNTR homoplasy between lineages will only have small effects on MST-based population modeling to differentiate them (30, 47) . However, at sublineage levels, especially for closely related sublineages whose VNTR profiles are highly similar, homoplasy at a single VNTR locus would possibly lead to a cluster of strains from different sublineages determined by MSTs. Our results indicated that VNTR homoplasy would also lead to a nonnegligible effect on epidemiology studies, as it consistently caused misclassifications of historically distantly related strains as clusters.
The addition of hypervariable loci was helpful for both enhancing discriminative power and decreasing the homoplasy rate of VNTR-15 in this study. Due to the clonal instability and large alleles, hypervariable loci were excluded for standard VNTR genotyping (41) . However, a recent study indicated that these loci were not extraordinarily unstable compared to other loci and IS6110 RFLP patterns (23) . Furthermore, several studies in Japan and countries of the former Soviet Union indicated the necessity to include these loci to increase the discriminatory power and differentiate epidemically unrelated Beijing strains which appeared to be clustered by standard 15-or 24-locus VNTR typing (23, 35, 36) . In our study, the relatively conserved profiles of hypervariable alleles within VNTR-15-and SNP-based clusters may also prove their clonal stabilities during transmissions. In contrast, the high variations of hypervariable loci in five VNTR-15-based clusters with mixed sublineages further indicated that there might be no epidemic relevance between most of these strains. Hypervariable loci were thought to be at high individual homoplasy levels (12) . However, the inclusion of three hypervariable loci was helpful to decrease the homoplasy rate in the modern Beijing populations, as the five VNTR-15-based clusters with mixed sublineages could be further classified as unique strains or smaller clusters comprising single SNP sublineage. Similar results have been obtained in a more recent study, in which a higher mutation rate of a 24-locus VNTR data set was found to efficiently reduce the homoplasy level by modeling a homogenous M. tuberculosis population for 100 years (39) . Although homoplasy could be largely reduced by inclusion of hypervariable loci, it still caused problems for epidemiology studies in homogenous populations, as one cluster defined by both VNTR-15 and three hypervariable loci still contained two distantly related strains from two sublineages in our study.
Tracing transmissions of M. tuberculosis in countries with high TB burdens is challenging. As shown in this and previous studies, the homogenous M. tuberculosis population in those settings usually led to a relatively low discrimination power of traditional genotyping methods and to VNTR homoplasy (18, 35) . One way to address this challenge is whole-genome sequencing (WGS), which provides the highest discrimination power and where homoplasy is not an issue (7) . In recent years, with the development of high-throughput next-generation sequencing technology, several studies have applied WGS to reconstruct transmission chains between VNTR-defined cluster cases (15, 22, 40) , and some clustered strains defined by traditional molecular genotyping methods were identified as distantly related isolates (37) . However, because of the relatively high cost and the complexity of data analysis, the application of this technology to study the molecular epidemiology of M.tuberculosis will be limited for some time, especially in developing countries. An alternative way to address this challenge is to combine genotyping of robust phylogenetic markers such as SNPs with traditional genotyping methods. SNPs and other robust polymorphism markers were traditionally used to differentiate genetically distantly related M. tuberculosis lineages which could also be generally classified by 15-or 24-locus VNTR (5, 8, 20) . Thus, these phylogenetically robust markers were thought to be less important for epidemic studies. Here we showed, for the first time, that SNPs could help to correct the clusters that were misclassified due to the low discriminatory power and homoplasy of VNTR-15. We also showed the potential of hypervariable VNTR loci to further differentiate distantly related strains clustered by VNTR-15. Thus, we recommended the standard VNTR-15 and SNPs as first-line typing methods for large-scale typing and the hypervariable loci for second-line typing of clustered strains following use of the VNTR-15-and SNPbased scheme in countries with high TB burdens. Although very few SNPs are presently available (14, 31) , with the tremendous increase of whole-genome sequencing data, we believe that an increasing number of informative markers will be found for studying the molecular epidemiology of TB.
